Phosphorus is an element necessary for the growth of plants. As phosphate rock gets depleted, it becomes an increasingly scarce resource. Therefore, it seems necessary to implement simple methods of cheap and effective phosphorus recovery from waste. The ashes of municipal sewage sludge and bottom sediments constitute particularly valuable sources of phosphorus. However, these materials usually carry significant amounts of pollutants, including heavy metals. Optimization of ash phosphorus sequential extraction methods from a thermal conversion of sewage sludge and bottom sediments allows to select an effective and simple technology of phosphorus recovery, while maintaining low heavy metal pollution, which is one of the main restrictions in use of ashes. Determination of an amount of bioavailable phosphorus is therefore a basis for estimation of the possibility of using it from waste. Extraction using the Golterman method or shaking out with calcium lactate or Trougs reagent indicates that the ashes from sewage sludge and bottom sediments are rich sources of bioavailable phosphorus, which could find use under field conditions as a viable alternative to fertilizers containing fossil phosphorus.
INTRODUCTION
Phosphorus is an essential element in agriculture, and the yield depends, i.a. on the occurrence of its bioavailable forms. In the agricultural practice, it is widely used in the form of mineral and organic fertilizers.
Apart from manure, bird guano was considered in the last century as a source of phosphorus. Acquiring this bird manure (coming mainly from seabirds) which is extremely rich in nutrients, allowed for its introduction to the European market despite a high price (Szpak et al. 2012 ). After popularization of mineral fertilizers production, the exploitation of guano has become uneconomic. However, this necessitated phosphate mining in North America, Ukraine, Russia and West Africa. About 90% of these minerals are converted into phosphate fertilizers, the use of which will grow at a rate of 1.5-3.6% per annum (Szaja 2013 ). However, taking into consideration the material price instability and its dwindling resources, new, alternative sources of this precious element are sought (van Vuuren et al. 2010 ).
The phosphorus-rich waste is also generated in large quantities of municipal sewage sludge, the amount of which in Poland in 2016 equaled 568.3 thousand Mg d.m., with the average phosphorus content of about 3%, which gives over 17 thousand Mg of phosphorus, annually (Bień 2012 , Statistical Yearbook of Environmental Protection 2017).
The use of municipal sewage sludge is most often limited by a significant content of heavy metals, persistent organic pollutants and sometimes by the presence of living intestinal parasitic eggs (Poluszyńska and Ślęzak 2015) . Actions were also taken to produce agricultural fertilizer, stabilizing sediments with ash from brown coal combustion. However, the problem of high content of heavy metals and polycyclic aromatic hydrocarbons (PAHs) that can migrate from the soil into the food chain, may limit its use in agriculture The current trends of using solar energy for sludge drying create opportunities for using the dry sludge for thermal transformation, i.e. one with energy recovery (Bień 2012 ). The ash generated as a result of combustion of sewage sludge consists mainly of Si, Fe, Al, Ca and P, including significant amounts of heavy metals, 9 to 13 times higher in relation to their content in the sediments from which the ash was created. It excludes their use in agriculture (Guedes et al. 2016 ). However, a significant amount of phosphorus, which may reach even 11-13.4%, predestines it for recovery with prior heavy metal elimination (Donatello et al 2010, Guedes et al. 2014 ). The importance of the problem is emphasized by the European SU-SAN project aimed at optimizing the methods of nutrients recovery from sewage sludge, while at the same time minimizing the risk of heavy metals or persistent organic pollutants (Adam et al. 2009 ). The bottom sediments of water reservoirs and rivers are also of similar importance. Although they release significant amounts of heavy metals when used as fertilizers, their drying and combustion opens new possibilities for phosphorus recovery, especially in its bioavailable forms (Strzebońska et al. 2015) .
MATERIALS AND METHODS
The research material involved the ashes from the thermal transformation of municipal sewage sludge and bottom sediments rich in organic matter. The sewage sludge came from municipal wastewater treatment plants without (OL) and with increased nutrient removal (OP) as well as the ashes from industrial incineration plant (OS). The bottom sediments (OD) came from the dam part of the "Jezioro Turawskie Duże" reservoir located on the Mała Panew river in the Opolskie voivodeship (Poland). OP, OL and OD samples were incinerated at 600 o C for 3 hours, while the OS sample was created as a result of burning sewage sludge at 850 o C in the municipal sludge incineration plant in Nowiny (Poland).
The following parameters were designated in the tested materials: pH, proper electrolytic conductivity by potentiometric methods and the content of organic matter by weight. The content of calcium, sodium and potassium were determined using the FES method and the BWB-XP apparatus.
In order to assess the quantitative share of bioavailable phosphorus forms in the studied ashes, six methods proposed in the literature were used. The first one includes distilled water extraction (1:20, w/v) in 22 h. After centrifugation, the supernatant was infused with 0. In the preliminary tests, the control sample was the extractant itself. The fifth method was based on the extraction with sodium bicarbonate buffered to pH 8.5 according to Olsen (OLS), which is recommended for alkaline soils. The mass-volume ratio ash:extractant was 1:20 at the shaking time: 30 min. (Olsen et al. 1954) .
For comparison, the Golterman methodology, developed for the bottom sediments of water reservoirs, was applied. This method consists of shaking the sample with extrinsic agents of varied strength (Table 1) . Total phosphorus content (P-TOT) in the tested samples was determined with ICP-MS after microwave digestion in aqua regia.
RESULTS AND DISCUSSION
The tested ashes from sewage sludge incineration were alkaline and neutral in the case of ash from bottom sediments (Table 2) , which is characteristic for this type of waste. The electrolytic conductivity was high and in the case of application as fertilizer it could pose a threat to plant seedlings ).
The content of nutrients (CaO, MgO, K 2 O) was high and characteristic for the ashes from bottom sediments and sewage sludge incineration (Arnout and Nagels 2016, Donatello et al. 2010), which proves their high value, not only as a fertilizer, but also as a deacidifying agent for soil.
Sewage sludge and bottom sediments contain a significant amount of phosphorus-rich organic matter. If the content of heavy metals meets the legal requirements, these sediments can be used naturally (also as fertilizers) to improve the soil structure, increase its water absorption and as suppliers of many valuable elements for plants, including micronutrients (Rosik-Dulewska et al. 2016). Nevertheless, in many cases the sewage sludge, after initial drying, is subject to incineration in specialized incinerators. In some countries (Holland, Switzerland), the entire amount of generated sediments is burned (Herzel et al. 2016 ).
However, the ash obtained from sewage sludge may contain high concentrations of metals, especially zinc, copper, chromium and lead. Making the law more flexible and rapidly passing new legal acts would allow to improve the phosphorus recovery technology (energy and material consumption) on the one hand, and to establish economic incentives (taxes, subsidies) for the companies investing in phosphorus recovery installations on the other (Hukari et al. 2016 ). After incineration of sewage sludge or bottom sediments, while there is no longer any valuable organic matter, the amount of phosphorus increases to even a dozen or so percent, making this material a valuable source of this element, equally to phosphate fertilizers, and the attempts to wash out phosphorus from ash are carried out by strongly acidic extractants (Atineza-Martinez et al. 2014, Ebbers et al. 2015) .
In the ashes from sewage sludge, the bioavailable phosphorus is present in relatively large quantities and constitutes on average over 30% of the total phosphorus, which creates considerable opportunities for using this material as an agricultural fertilizer (Kruger and Adam 2015) . Although the process of sludge incineration demands significant investment costs, it eliminates the organic toxic compounds found in sediments, and at the same time, by mineralization of organic matter, it "enriches" the obtained material with phosphorus. Finally, in the ashes from sewage sludge, the total phosphorus can exceed 16.0% (Guedes et al 2016) . In the municipal sewage sludge research, the total phosphorus content was recorded in the range 2.97-6.64% (Poluszyńska and Ślęzak 2015) , while in the sludge ash examined here, these values range between 13.8 and 18.4%. Only in bottom sediments, the phosphorus content was lower (4.6%) and comparable with the data obtained by the other authors (Bezak-Mazur and 
PRELIMINARY TESTS
In the conducted tests, there was a strong correlation between the amount of "bioavailable" phosphorus and the pH of an extraction solution. While using the TS method to extract the OP samples, acidification of the solution with H 2 SO 4 with pH 3.00 (recommended in the method) to 0.88, increased the amount of marked phosphorus by 184%. The correlation ratio of the pH value and the amount of eluted phosphorus was 0.997. The method, used to extract highly alkaline biomass ash (after adding the extractant to the sample, a reaction of 7-8 is obtained instead of the expected 3-4), after acidification from pH 7.31 to 0.55, the amount of phosphorus obtained increased by 2731%, and the correlation coefficient in this case was 0.999. This confirms the effect of H 2 SO 4 as an extractant capable of decomposing even hardly soluble phosphorus-containing minerals (Tujaka et al. 2006 ). The need to correct the reaction by adding a strong extractant was confirmed by other authors (Wzorek et al. 2006) . Additional acidification facilitates the dissolution of calcium-bound phosphates, as well as partially ironbound, which, because of a significant amount of such forms in the ash, can significantly affect the recovery rate (Bednarek and Reszka 2007) .
In our own research, we have also tested the influence pertaining to the time of contact between the extractant and the ash sample, on changing the pH value of the extraction solution. For comparison, the data obtained for oak biomass ashes burned at 600 o C (Fig. 1) was also introduced. The obtained results indicate a small increase in the pH value in
The case of OP and OL samples as well as pH change by 2 degrees in the case of biomass ash (BM test). The reaction of the extractant is of fundamental importance for the amount of phosphorus leached from a given material; therefore, special attention should be paid to the possibility of obtaining low results, especially in the case of strongly alkaline substances (Golterman 1996) .
COMPARISON OF EXTRACTION METHODS
The ashes from the analyzed sewage sludge contained between 13.8% and 18.4% P 2 O 5 , which is also confirmed by the results of the research carried out by other authors, who assessed it as very rich in this element (Havukainen et al. 2016) . Only the ash from bottom sediments was characterized by a much lower amount of phosphorus, i.e. 0.46% P 2 O 5 . It is still a valuable amount as far as the usage as a fertilizer is concerned.
On the basis of the preliminary tests and available literature, it was assumed that the amount of bioavailable phosphorus obtained in the experiments with OP, OL, OS and OD samples shall depend on the type of the extractant used. The phos- Figure 1 . Changes in the pH value in the process of bioavailable phosphorus extraction using the E-R method and 0.04 M calcium lactate as control phates contained in the tested samples (despite the long contact time), dissolved in water only to a small extent -WE method ( Table 1) . The phosphorus levels eluted in this way were very low and only slightly exceeded 0.04% of total phosphorus. The highest efficiency of this method (WE) was obtained for the OD ash. Such low amounts washed out with water are not confirmed by the results of Bednarek and Reszka, obtained in a pot experiment with limed soil fertilized with phosphorus. However, it should be noted that in the experiment, the ashes from sediments were not used (Bednarek and Reszka 2007) . The citric acid method was much more effective, since it obtained between 4.5 and 6.4% of the total amount of phosphorus marked in the samples. Using the Trougs and Egner-Rhiem methods, i.e. using extraction liquids with a similar pH, the results were obtained with a predominance (up to 2x) in favor of the E-R method (Table 3) . Their efficiency was at the level of 1.2-3.3% of the total phosphorus content in the case of sewage sludge ashes. Higher amounts exceeding 6 and 12% of total phosphorus were recorded only in dermal sediment samples (OD samples) for TS and E-R respectively. Due to the fact that acidified calcium lactate HCl elutes mainly phosphorus compounded with calcium and iron, the presence of these compounds will have a significant impact on the obtained effects (Bednarek and Reszka 2007) . Considering the influence of the extractant reaction on the amount of leached phosphorus (part: Preliminary tests), it should be concluded that the values obtained by W, CA, TS and ER, due to the high ash reaction, are understated and the actual amount of bioavailable forms is higher.
Olsen extraction of phosphorus used for acidic and neutral soils may give erroneous results, but in the case of alkaline soils, it simulates the conditions present during the water-soil contact very well. Therefore, in the ash from sediments characterized by relatively high pH, this method should determine the actual amount of phosphorus available for plants. The amount of phosphorus determined according to the Olsen's methodology in the eluates from OP, OL and OS samples is 2-8 times lower than in the E-R method, which is justified by the higher pH of the extractant, and thus the reduced solubility of phosphorus compounds. The best results were noted for the OD samples which obtained almost 4.5% of the total phosphorus content. The fly ashes from coal combustion are characterized by a reaction above 10 and containing 1.17 g P 2 O 5 /kg d.m. showed a similar (3.37%) amount of bioavailable phosphorus as in the OD samples. Moreover, it has been shown that a significant content of calcium reduces the amount of bioavailable phosphorus up to 10 times (Seshardi et al. 2013) .
Using the Golterman sequential extraction method, the highest amounts of bioavailable phosphorus were marked in the OS sample (over 74.6% of the total content) and slightly lower in the OP and OL samples (74.1 and 69.8% respectively). The least bioavailable phosphorus was obtained in OD samples. Although this method is meant to be used with bottom sediments, the ashes obtained after combustion of sediments have significantly different properties (alkaline nature, lack of organic matter) than the sediment. Due to the efficiency and simplicity of the CA method, it seems that it should be recommended for sew- (Table 3 ). However, it should be noted that as far as the use as a fertilizer is concerned, the crucial thing is the amount of bioavailable phosphorus, i.e. the part of phosphorous compounds present in a soluble form in soil, thus becoming a potential source of phosphorus for plants, while an indicated amount of total phosphorus content is here for the information purposes.
CONCLUSIONS
The recovery of phosphorus from the ashes obtained from the thermal processing of municipal sewage sludge and bottom sediments seems to be very effective, which confirms their usefulness as a source of phosphorus in agricultural production. The determination of assimilable phosphorus content was largely dependent on the method used. In the case of the tested ash samples, the Golterman method proved to be the most effective, although due to the required workload, citric acid (CA) extraction seems to be the preferred method. The distilled water extraction method gave unsatisfactory results in all cases, which confirms its unsuitability in determining phosphorus content in highly alkaline materials.
